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Submitted as input for discussions on a possible low emittance muon accumulator at 50 TeV.
I present a scheme to obtain high quality positive and negative muon beams in terms of low
emittance, high charge and high energy using an accumulator at 50 TeV (or tens of TeV) filled with
a train of low charge and low emittance muon bunches to be injected in top-up mode on a single
bunch circulating in a storage/collider ring at the same energy, where damping from synchrotron
radiation merges the bunches with minimal emittance degradation.
I. INTRODUCTION
The construction of a 100 TeV proton–proton col-
lider (FCC–hh) is currently under study to continue ex-
panding the energy frontier exploration in high energy
physics [1]. Two proton beams, at 50 TeV each, circu-
late inside two intercepting rings.
In this context, it is also worth studying in parallel the
possibility of a muon–muon collider in the tens of TeV
scale because of the advantages in the kinematics analysis
of point-like particle collisions given by leptons and pos-
sible access to physics beyond the standard model [2, 3].
The main difficulty in the realization of a muon collider
lies in the limited time (before muons decay) to obtain a
highly populated, small emittance and high energy bunch
for high luminosity collisions [4].
I would like to present, as input for further discus-
sion, a scheme to produce high quality muon beams (in
terms of high charge, high energy and low emittance) ob-
tained from a muon accumulator at 50 TeV filled with a
low emittance multi-bunch train to be injected in top-up
mode into a single bunch of a main storage/collider ring.
Given the intermediate mass of the muon at rest, i.e.
207 times the electron mass and about 1/9 of the proton
mass, a muon bunch at 50 TeV in the FCC–hh collider
ring would experience total energy loss from synchrotron
radiation in a relative small amount of time, which is
comparable to one beam life time τ and very close to
one second. This energy loss can be recovered with radio
frequency (RF) cavities in the accelerator that in combi-
nation produce a damping effect, well known in electron
and positron rings [5]. Therefore, damping should be
visible for muons at 50 TeV in a 100 km ring like the
FCC–hh design.
Profiting from damping in a high energy main ring, we
can consider the known method of operation called top-
up injection in electron storage rings [6]. It consists in
the increase of the bunch population by injecting a small
additional amount of particles on top of the existing ones
in the main ring. In electron rings, particles perform de-
caying oscillations in the phase space over a time interval
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of few units of τ after which they finally reach an equi-
librium. The most convenient type of injection for our
muon collider/storage ring seems to be on-axis longitudi-
nal injection that consist in the injection of new particles
with an offset in time and/or energy with respect to the
synchronous bunch. It has the advantage to be twice
faster than the transverse damping due to the partition
numbers of a typical storage ring.
It might be possible that muons show longitudinal
damping even at 25 TeV in a ring with a circumference
adapted to the reduced life time of muons, thus, lowering
the requirements on fast acceleration in previous stages.
However, for the moment we leave this as a possibility
for further study and concentrate in the 50 TeV scheme
to obtain a high intensity bunch at high energy starting
from a low charge 22 GeV small emittance muon train
given by e+e− annihilation of a positron bunch train into
fixed targets, studied by the Low EMittance Muon Ac-
celerator (LEMMA) [7–11] team.
The scheme presented in this article could increase the
charge of a single muon bunch while preserving or miti-
gating the growth of the muon beam emittance profiting
from synchrotron radiation in the main storage/collider
ring.
II. SCHEME
The scheme is shown in Fig. 1. It consist in four stages :
a positron source, a positron to muon conversion and
transport line, a chain of low muon current fast accel-
eration rings, and finally a muon accumulator ramping
from few TeV to the desired energy (7 to 50 TeV in the
scheme). I will describe the stages in the following.
A. Positron source
LEMMA has put forward the idea of a low emittance
muon source where muons are produced as secondaries
from e+e− annihilation of a high energy positron beam,
above the energy threshold at 43.7 GeV for muon pair
production, impinging on a fixed target.
It is convenient to set the positron beam energy to
44 GeV because the energy spread of the produced muon
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2beam will match the acceptance of the next stage. Fur-
ther details are discussed in Subsection II B.
The positron bunch population has been fixed to
5 × 1011, which is a relatively high charge in order to
produce as many muons as possible given the small prob-
ability of muon pair production, also further discussed in
Subsection II B.
I fix the positron source requirement to a train of 1000
bunches in order to increase the muon population by a
factor 1000 when combining all separate muon bunches
into one, and also to be compatible with the positron
source requirement studied in [11–13].
The required positron rate has been estimated to be
about 1.5× 1018e+/s given a separation of 100 m among
neighboring bunches. Notice that the positron bunch sep-
aration will be the same muon bunch separation in the
train inside the muon accumulator ring.
The transverse emittance and beam size is set to be
7 pi nm and 60 µm respectively to match the input pa-
rameters of the positron to muon conversion stage, dis-
cussed in Subsection II B.
The energy spread and bunch length are 0.1% and
3 mm respectively, taken from previous studies of a 6
or 27 km positron ring [13].
Finally, I remark that all numbers have been used
to clarify and discuss an initial scheme and they could
change as required.
B. Positron to muon conversion
The purpose of the positron to muon conversion stage
is to produce a low charge and low emittance muon bunch
per positron bunch passage.
The three particles species (e+ at 44 GeV, and µ+µ−
or simply µ pairs at 22 GeV) are transported to the final
end of the transport line without significative emittance
growth of the muon beam, and a small deterioration of
positron bunch in terms of emittance and particle popu-
lation.
A detailed description of materials and accelerator op-
tics studies dedicated to this stage can be found in [14].
In this article I have chosen to use a line consisting
of 25 liquid Lithium (LLi) targets of 1% of a radiation
length X0 connected by a series of quadrupoles for a total
length of 323 m. This design is able to produce 0.6×10−6
muon pairs per impinging positron, which is factor 10
above a single thin target of 1%X0 and also distributes
the target power deposition.
Using the parameters of the positron source shown in
Subsection II A, we will obtain a bunch population of
3× 105 muon pairs at 22 GeV per positron bunch, with
an energy spread of ±5% in a flat distribution, and with a
very small transverse emittance of about 25 pi nm (equiv-
alent to 5 pi µm normalized emittance).
The longitudinal emittance will be product of the
bunch length of the incoming positron beam by the en-
ergy spread from the kinematics of the collision, therefore
3×1 pi mm GeV (3 mm × 0.05×22 GeV).
For a 22 GeV muon beam the length of the transport
line is very short and no significative muon losses are
expected.
Each one of the 1000 positron bunches will pass one at
the time and produce muon pairs that are transported
to the acceleration stage. The remaining positrons in the
bunch could be spilled or redirected to the previous stage.
C. Low Muon Current Fast Acceleration
Fortunately in the LEMMA scheme the kinematics of
the collision boosts the lifetime by a factor 208 with re-
spect to that of muons at rest, giving an initial time-
frame of 0.46 ms of lifetime to accelerate the beam.
Muons are already relativistic and therefore I expect
acceleration would influence minimally the timing among
bunches at different energies.
The positive and negative muon beams at 22 GeV will
have to be separated and passed through a chain of fast
accelerating cavities with the highest possible gradient.
I have done an estimation of 500 m of RF cavities at
20 MV/m in order to gain 10 GeV per passage. Although
this number could appear high, it is required in order to
reduce the number of muon losses due to decay along
the acceleration chain. Even higher gradients would be
beneficial.
There is no definitive structure for the acceleration
chain. I have considered three stages as an initial pro-
posal :
1. from 22 to 200 GeV, which is a factor ten in energy
gain obtained in ten passages over an RF configura-
tion providing 20 GeV per passage, or twenty turns
over an RF configuration at 10 GeV per turn;
2. from 200 GeV to 1 TeV, which is a factor five in
energy gain obtained over approximately 100 turns
in a dedicated ring;
3. from 1 TeV to 7 TeV, which is a factor seven in
energy gain obtained over more than 500 turns.
The exact configuration of these acceleration stages needs
to be further studied, but, I would like to avoid ramp-
ing magnets because of the short lifetime of the muon
beam when compared to technological ramping capabil-
ities. Better said, I would prefer to avoid ramping mag-
nets in the KHz range.
Several proposals point to technology based in multi-
pass Energy Recovery Linacs (ERL) [15] and/or Fixed
Field Alternating Gradient (FFA) [16, 17] ring designs,
in particular, vertical FFA (vFFA) [18] to profit from
the zero momentum compaction factor and large energy
acceptance that could accelerate the beam without the
dilution of the longitudinal emittance.
Due to the total number of cycles in the acceleration
chain, it is expected to produce a significative muon pop-
3ulation loss that has been estimated to be half of the
initial bunch, leaving 1.5×105 muons per bunch.
D. Accumulator Ring
The last section is the Accumulator Ring. It is included
last in the scheme because further acceleration in the
TeV scale of single muon bunches would require several
kilometers of RF cavities and it would be preferable to
use a single ring. The ramping frequency is expected to
be in the order of few hundreds of Hz, which is a factor
10 above the muon beam life time of 140 ms at 7 TeV
that grows up to one second at 50 TeV.
The muon life time of 140 ms at 7 TeV also allows
for enough time to allocate 1000 individual bunches into
separated buckets inside the accumulator with negligible
losses due to decay.
Once the muon bunch train is in the accumulator, it
can be ramped from low to high energy (7 TeV to 50 TeV
in the scheme). Then, it could be possible to extract one
by one the individual low charge bunches into a single
bunch provided the synchronization of the two machines.
The most simple case that I can foresee is to have a small
difference in circumferences between the accumulator and
the main storage/collider ring in order to make coincide
once cycle of the bunch in the storage/collider ring with
a different bucket of the accumulator every time.
We could expect muon losses due to decay given the
large number of passages to accelerate (ramp up) the
muon beam train. I have estimated a reduction of the
individual bunch to 1.0×105 muons.
Injecting a thousand of these bunches into a stor-
age/collider ring will bring the final bunch charge to
about 108 muons with a normalized transverse emittance
close to 5 pi µm, and bunch length and energy spread de-
pendent on the realization of the acceleration stages.
III. CONCLUSION
I have presented a scheme to produce a high quality
muon beam in terms of high particle population, low
emittance and energy of 50 TeV (or tens of TeV), us-
ing an accumulator ring at the same energy to ramp a
low charge, low emittance and low energy train of muon
bunches to be injected in top-up mode into a main stor-
age/collider ring.
This scheme uses a positron source and a short trans-
port line to produce muon pairs as secondaries from e+e−
annihilation of a high energy positron beam on fixed tar-
gets.
Muon pairs are produced at 22 GeV and accelerated
in a chain of Fixed Field Accelerator Gradient (FFA)
rings or alternatively Energy Recovery Linacs (ERL).
The number of acceleration stages has been set to three
considering the possibility to gain a factor 10 in energy
per stage, and the availability of radio-frequency cavi-
ties to provide at least 10 GeV per passage to the muon
beam.
I believe several of the parameters here mentioned (e.g.
the RF cavity gradient and the positron to muon conver-
sion efficiency) can be pushed by a factor two or 4, or
maybe more, so that the final possible outcome of fur-
ther studies of this scheme could be very positive.
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FIG. 1. Production and acceleration scheme of a low emittance muon beam for a 50 TeV collider.
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